Streptococcus pneumoniae (pneumococcus) is the main etiological agent of pneumonia. 15 Pneumococcal pneumonia is initiated by bacterial adherence to lung epithelial cells.
effects (Supplemental
. Relative enrichment of pneumococcal reads may stem 141 from the total RNA isolation protocol. Nevertheless, each library contained sufficient 142 epithelial reads for differential gene expression analysis (The ENCODE Consortium, 2011) . 143 To simplify further analyses, we excluded three gene fractions (Figure 2B) . First, we 144 removed unexpressed genes, i.e., without any counts in all libraries: 22.991 (38%) epithelial 145 genes and 24 (1%) pneumococcal genes. The relatively large fraction of unexpressed 146 epithelial genes is in accordance with recent studies on the human epithelial transcriptome 147 (Hackett et al., 2012; St-Pierre et al., 2013) . Second, we excluded genes that were 148 differentially expressed (p<0.05) at 0 mpi between unencapsulated (∆cps2E) and 149 8/37 encapsulated (wt) libraries. While only five epithelial genes were removed, 394 (19%) 150 pneumococcal genes were already differentially expressed at 0 mpi. Although polar effect 151 due to cps2E disruption can explain differential expression of genes in the 17kb long cps 152 operon, it remains unknown why other genes were differentially expressed. We speculate 153 that constructing the thick exopolysaccharide capsule requires specific transcriptional fine-154 tuning of numerous genes outside the cps locus. Finally, we removed genes with no 155 significant difference (p>0.05) and genes with fold changes less than 2 in all contrasts 156 (Supplemental Figure 2) . In total, the epithelial working libraries contained 4.009 (7% of 157 total) genes and pneumococcal working libraries 868 (42% of total) genes. 158 To compare gene expression, we normalized expression values using DESeq2 159 (Love et al., 2014) , centered and clustered the values (Kumar and E. Futschik, 2007) . The 160 centered normalized values were visualized as heat maps, divided into two panels, one for 161 each bacterial strain. Strikingly, heat maps showed obvious clusters of co-expressed genes 162 and clear gene expression differences between adhering (∆cps2E) and non-adhering (wt) 163 bacteria to epithelial cells (Figure 2CD) . Specifically, the left panel of Figure 2C shows the 164 epithelial transcriptional response exposed to encapsulated S. pneumoniae at different time 165 points (30, 60, 120 and 240 mpi) while the right panel displays the response in contact with 166 the unencapsulated strain. Vice versa, co-expressed clusters in pneumococcal genes are 167 differentially expressed in contact with human epithelial cells (Figure 2D) . 168 Making raw data publicly-available has been common practice in recent years, as we 169 have done for this project (GEO accession number GSE79595). Unfortunately, publicly 170 available datasets do not translate to direct exploration and extraction of biological insights 171 for the majority of researchers. Therefore, we built an easily-accessible online platform 172 which hosts the complete dual RNA-Seq database. To access and visualize the data, users 9/37 can simply select the gene of interest (or multiple genes of interests) and examine their To confirm dual RNA-Seq data by quantitative real-time PCR (qRT-PCR), we chose 10 182 epithelial genes (ABCC2, AKR1B10, AKR1C3, ALDH1A1, DEFB1, DKK1, IDH1, NOLC1, 183 PTGES and TXNRD1) and 19 pneumococcal genes (amiC, blpY, dinF, hrcA, infC, lytA, 184 malC, manL, msmR, nrdD, pulA, SPD_0249, SPD_0392, SPD_0475, SPD_0961, 185 SPD_0990, SPD_1517, SPD_1711 and SPD_1798). The target genes were selected 186 because of their varied expression profiles: increasing, decreasing or unchanged. The cycle 187 threshold (Ct) for epithelial transcripts were normalized against ACTB (β-actin) while 188 pneumococcal transcripts were normalized to gyrA (gyrase A). The reference genes were 189 highly expressed and did not show significant changes (p>0.05, FC<2) between any time Since transcript levels do not necessarily correspond with protein expression (Ning 196 et al., 2012; Taniguchi et al., 2010) , we quantified four pneumococcal protein levels whose 197 10/37 genes showed upregulation during adherence to epithelial cells. We fused a fast-folding 198 variant of the green fluorescent protein (GFP) to the carboxy-termini of SPD_0475, 199 SPD_0963, SPD_1711 and SPD_1716, at their own locus while preserving all upstream 200 regulatory elements (Figure 3B) . We transformed these constructs into the hlpA_hlpA-rfp, 201 ∆cps2E genetic background (Kjos et al., 2015) . SPD_0475 encodes a 204 amino acids (aa) 206 We imaged adherent S. pneumoniae with fluorescence microscopy during the Along with pneumococcal adherence and multiplication, we aimed to recapitulate the host 219 response in our model. We hypothesized that the epithelial transcriptome adapts in 220 response to bacterial presence, independent of adherence. To identify the responsive 221 11/37 genes, we automatically clustered epithelial working libraries exposed to wild type 222 pneumococci. 242 epithelial genes were co-expressed in a similar manner (Figure 4A) , i.e., 
239
To validate the abovementioned finding, we repeated the experiment, isolated total 240 RNA and performed qRT-PCR on four genes: GPX2, involved in detoxification and GSR, 241 IDH1 and PGD, in glutathione recycling. As expected, we observed significant upregulation 242 of these genes between 30 and 60 mpi ( Figure 4D) . Interestingly, Rai et al showed that Figure 5A) . 255 Two genes, PTGS2 and HIST1H4B showed repression and activation at more than one 256 time point. Subsequently, GO-term enrichment in the subset of repressed genes at 60 mpi 257 showed that "immune response" to be enriched in 16 genes (p=2.3·10 -4 , Figure 5B ).
258
CXCL8 (IL8), encoding interleukin-8, was one of the repressed immunity gene.
259
CXCL8 is a potent chemoattractant for neutrophil and other granulocytes. Interestingly, at 260 60 mpi, ∆cps2E-exposed epithelial cells, expressed 2.5±1.3 less CXCL8 than epithelial 261 cells exposed to wild type S. pneumoniae (Figure 5C) . This difference was validated by 262 qRT-PCR ( Figure 5D ). Further, we asked whether CXCL8 repression is an active process 263 or merely mediated by physical adherence. To assess this, we co-incubated heat-264 inactivated ∆cps2E and heat-inactivated wild type with epithelial cells. Note that heat 265 inactivation preserves pneumococcal epitope and protein structures (Hvalbye et al., 1999) .
266
CXCL8 was still significantly repressed by dead ∆cps2E but not by dead wild type 267 pneumococci ( Figure 5D ) -suggesting that CXCL8 repression is independent of viability 268 but dependent to presence of the capsule or to the accessibility of surface-exposed (Figure 6C) . 301 At 60 mpi, 11 carbohydrate transporters were differentially expressed (p<0.05, 302 FC>2) between ∆cps2E and encapsulated pneumococci exposed to epithelial cells. In the 303 presence of high glucose (2g·L -1 ), ∆cps2E expressed 1.5 fold less manLM, encoding 304 glucose transporters, than encapsulated S. pneumoniae (Figure 6D) . Moreover, seven repressed in unencapsulated S. pneumoniae exposed to human epithelial cells, glpF 312 (glycerol) and SPD_0740/41/42 (ribonucleosides). We selected three transporter-genes, 313 malD (polysaccharides), rafE (oligosaccharides) and SPD_0234 (disaccharides) and 314 validated the abovementioned observations by qRT-PCR (Figure 6E) . 315 Our data indicate that adherent unencapsulated bacteria detect non-glucose sugars 316 in their immediate vicinity. Epithelial mucus may provide non-glucose carbohydrates (Yesilkaya et al., 2008) and simultaneously limit the interaction of epithelial cells to 318 encapsulated wild type bacteria (Nelson et al., 2007) . We, then, removed epithelial-319 associated mucus by washing the surface with warm PBS and observed that the genes 320 were no longer activated (FC<2, Figure 6E ). Next, we incubated pneumococcal strains with 321 type III porcine mucin (5 g·L -1 ), mimicking complex carbohydrate in the medium.
322
Interestingly, the importers were not differentially expressed between strains (FC<2),
323
indicating similar access to non-glucose sugars (Figure 6E) . We conclude that following Our early-infection model recapitulated three major in vivo characteristics of 341 pneumococcal infection: pneumococcal adhesion, bacterial multiplication and epithelial 342 responses to pathogenic burden. Our model recapitulated these infection characteristics: (i) 343 adherence for both encapsulated and unencapsulated pneumococci (Figure 1) , (ii) 344 pneumococcal viability and growth during early infection, e.g.: generation of ROS, 345 expression of carbohydrate importers (Figures 4 and 6) and (iii) host response to 346 pneumococcal presence, e.g.: glutathione-associated detoxification and innate immune 347 response (Figures 4 and 5) . in capsule biogenesis. C. ∆cps2E strain adhered more readily to epithelial cells than its encapsulated parental strain. 30 mpi, ∆cps2E (orange bar) showed significantly (p<0.001) more adherent cells than its parental strain (cyan bar). Data is presented as mean±SEM. D.
At 240 mpi, both strains multiplied significantly (p<0.01) with no significant difference between strains. E. Encapsulated strain has more free-floating than adherent cells while ∆cps2E has a higher fraction of adherent bacteria. F. After quality-check, low-quality reads were trimmed. Reads were aligned to a synthetic chimeric genome. Aligned reads were counted and classified as epithelial or as pneumococcal counts. We removed three gene fractions, clustered and performed functional enrichment to the working libraries. repressed genes resulted in "immune response" (16 genes, p=2.3·10 -⁴), prostaglandin metabolism (5 genes, p=5.6·10 -⁴) and oxidation reduction (12 genes, p=0.019) among others. C. ∆cps2E-exposed epithelial cells expressed 2.6±1.3 fold less CXCL8 and 3.0±1.2 fold less DEFB1 than wild type-exposed epithelial cells. D. We validated CXCL8 Figure 6 . Adherent pneumococci gain access to host-derived carbohydrates and activate non-glucose sugar importers. A. 248 genes were differentially expressed between pneumococcal strains exposed to epithelial cells: 115 genes of the 248 genes were activated in ∆cps2E compared to wt pneumococci while 138 genes were repressed.
Note that five genes showed activation and repression at different time points. B. Most of the differentially-expressed genes are of unknown function (133 genes, 54% of 248), followed by cellular transport (36 genes, 15%) and DNA replication, repair and recombination (17 genes, 7%). C. 15 of the 36 transporter genes are described to transport carbohydrate. The carbohydrate-importers transport a wide range of carbohydrates, from 37/37 simple monosaccharides to complex polysaccharides. D. At 60 mpi, the expression of glucose transporters (manLM, blue boxes) is repressed (p<0.05, FC=1.5) in ∆cps2E compared to encapsulated S. pneumoniae. Seven non-glucose transporters are activated (p<0.05, FC>2) in the ∆cps2E strain: SPD_0089, celC, SPD_0232/33/34, rafE and malD. E.
We validated the data by qRT-PCR for three sugar importers: malD (polysaccharides), rafE (oligosaccharide), and SPD_0234 (non-glucose disaccharide). By removing epithelial mucus prior to infection, the importers were no longer activated in ∆cps2E compared to wild type (FC<2, Washed). Incubation with type III porcine mucin (5g·L -¹) did not activate the genes in ∆cps2E compared to encapsulated pneumococci (FC<2).
